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Type2diabetesmellitus(T2DM)isclassicallyviewedasadiseaseofadultscausedbypoornutrition,physicalinactivity,andobesity.
However, with increasing awareness of the heterogeneity of T2DM, new risk factors are being identiﬁed that add complexity. Some
ofthesenewriskfactorshavebeenidentiﬁedinCanadianpeoplewithAboriginalOji-Creeheritage,agroupthatdemonstratesone
of the highest rates of T2DM in the world. This high prevalence may be due to the rapid change, over the past 50 years, away from
their traditional way of life on the land. Another environmental change is the increased rate of pregnancies complicated by obesity,
gestational diabetes, or T2DM, resulting in more children being exposed to an abnormal intrauterine environment. Furthermore,
the Oji-Cree of central Canada possesses the unique HNF-1α G319S polymorphism associated with reduced insulin secretion. We
propose that intrauterine exposure to maternal obesity and T2DM, associated with the HNF-1α G319S polymorphism, results in
fetal programming that accelerates the progression of early-onset T2DM. This paper describes the evolution of T2DM in children
with a focus on the Oji-Cree people over the past 25 years and the unique prenatal and postnatal gene-environment interaction
causing early-onset T2DM.
1.Introduction
The Diabetes Education Resource for Children and Youth
(DER-CA), a regional pediatric diabetes ambulatory pro-
gram at the Children’s Hospital in Winnipeg, Manitoba,
Canada, has been supporting youth with diabetes and
their families since 1985. Although originally established to
treat children with type 1 diabetes mellitus, the ﬁrst unex-
pected presentation of type 2 diabetes mellitus (T2DM)
in adolescents occurred in 1985. These youth were all of
Aboriginal heritage and resided in Manitoba’s remote north-
ern communities. They matched the classic obese phenotype
seeninadultswithT2DM,withriskfactorssuchasunhealthy
diet and lack of physical activity [1]. However, as the num-
ber of youth with T2DM steadily increased over time, it
was evident that some children were lean with minimal
signs of insulin resistance such as acanthosis nigricans, but
biochemically they had higher glucose levels, higher hae-
moglobin A1Cs, and lower serum insulin levels [1, 2]. The
purpose of this paper is to review the evolution of T2DM in
childreninManitobainordertohighlightthelessonslearned
and the impact of the intrauterine environmental on the risk
of T2DM in children.
In a unique birth cohort started in 2003, roughly 50%
of the children born to mothers who were diagnosed with
T2DM in adolescence, and followed at the DER-CA, have
developed T2DM before the age of 18 years old [3]. This
unique observation and others related to the evolution of
T2DM in youth in Manitoba over the past 25 years provide
strong evidence to support the developmental origins of
health and disease (DOHaD) theory [4]. The DOHaD the-
ory suggests that organisms can adapt and develop in mul-
tiple ways in response to particular intrauterine or early-life
experiences and that the origins of chronic disease may
occur at the earliest times of life. The next generation of
children with T2DM may have susceptibility to T2DM
programmed into their development due to their early,
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the Aboriginal youth of Manitoba have one of the highest
incidence rates of T2DM in the world [5]. As the number of
adolescent females with T2DM increases, there will be more
pregnancies complicated by T2DM, and hence this vicious
cycle will continue to accelerate the rates of T2DM in youth
beyond what is predicted by obesity rates alone.
ContributingtotheriskofT2DM,theOji-Cree-speaking
Aboriginal people of Northern Manitoba possess a private
polymorphism in the hepatic nuclear transcription factor
gene at codon 319 (HNF-1α G319S). The HNF-1α G319S
polymorphism is associated in vitro with low insulin secre-
tion, which allows expression of T2DM in the children who
requirephysiologicalhyperinsulinemiatoovercomediﬀering
degrees of insulin resistance [2, 6, 7]. This mechanism may
explain why Oji-Cree children are being diagnosed with
T2DM even without obesity or clinical signs of insulin
resistance.
TheexpressionofT2DMinthesechildrenmaybefurther
accelerated by other unknown insulin secretory defects or
by a decrease in beta-cell mass perhaps caused by unique
intrauterine or extrauterine epigenetic changes. Careful sur-
veillance of the oﬀspring of parents with adolescent-onset
T2DM is required to describe the natural history of T2DM,
to provide clinical evidence to support these hypotheses,
and to uncover new mechanism and risk factors, as yet
unidentiﬁed.
2.Type2Diabetes
Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterizedbyinsulinresistance,relativeinsulindeﬁciency,
and subsequent hyperglycemia. The common comorbidities
and complications of T2DM include hypertension, dyslipi-
demia, and microvascular disease resulting in end-organ
damage to the kidneys, eyes, peripheral nerves, and heart.
In Canada, diabetes is the most common cause of blindness,
end-stage renal disease, and nontraumatic limb amputation.
In addition, cardiovascular disease is 2–4 times more com-
mon in individuals with T2DM than in those without and is
themaincauseofdeathinindividualswithT2DMinCanada
[8]. Ten percent of all admissions to acute care hospitals in
Canada in 2006-2007 were due to diabetic complications [9].
Compared with adults, youth with T2DM appear to have a
more aggressive disease course with a greater probability of
early-onset, T2DM-related complications [10].
3. The Experienceof T2DM in FirstNations
Youth in Canada
Childhood T2DM is an emerging disease, with the preva-
lence of youth-onset T2DM paralleling the increasing
trend seen in adults. T2DM with onset in childhood dis-
proportionately aﬀects indigenous populations and has
now become a major health concern in these populations
throughout the world [10]. The Canadian Aboriginal pop-
ulation consists of 3 groups: the Inuit people who were the
originalinhabitantsofCanada’sNorth,theM´ etispeoplewho
are of mixed European and First Nations heritage, and the
First Nations people. The First Nations people compose 64%
of the 1.2 million Aboriginal people in Canada, and nearly
half (48%) are under the age of 25 [11]. In 2004–2006, the
incidence of T2DM in Aboriginal youth (age < 18 years)
was 23.2 cases per 100000 in a total population of 215831
Aboriginal youth [5]. However, there is a signiﬁcant regional
variationinincidenceandprevalenceofT2DMinAboriginal
y o u t ha c r o s sC a n a d a[ 12].
4. TheExperienceofT2DMinManitobanYouth
First Nations youth have the highest incidence of T2DM in
the Canadian pediatric population, and the majority of these
children reside in Manitoba, a province in central Canada
[5]. The incidence of T2DM in children in Manitoba was
12.45 cases per 100000 children in 2004–2006, compared
to an overall rate of 1.56/100000 children across Canada
[5]. In the twenty-seven-year period between 1984 and 2011,
the number of youth diagnosed with T2DM in Manitoba
increased from 3 to 67 per year [1, 13]. In other regions
of Canada with high proportions of Aboriginal people,
the incidence of T2DM in children was lower, speciﬁcally
0.4/100000 children in Saskatchewan and 0/100000 children
in the Northern territories [5, 14]. Thus, we hypothesize that
unique risk factors for early-onset T2DM exist in Aboriginal
children in Manitoba.
5. Risk Factors for T2DM in Manitoban Youth
5.1. Genetics. The Oji-Cree speaking people of Northern
Manitoba and Northwestern Ontario experience one of the
highest rates of T2DM in the world. In 1997 in Sandy Lake,
an Oji-Cree community in Northwestern Ontario culturally
and genealogically related to the Oji-Cree speaking people
of Northern Manitoba, the crude prevalence of T2DM in
all age groups was 17.2% [6]. In youth, aged 4–19 years,
from anearby Oji-Cree community, the prevalenceof T2DM
was 1.1% and in the adolescent females in this commu-
nity the prevalence was 4% [12]. In part, the increased
susceptibility of the Oji-Cree speaking people to T2DM is
ascribed to the private HNF-1α G319S polymorphism [2, 7].
Knockout mice lacking any functional copy of HNF-1α
have severe dysfunction in insulin production, the proposed
diabetogenic mechanism of the S allele of HNF-1α [15].
In humans, the polymorphism results in two abnormal
splicing products of the HNF-1α mRNA product, both
of which result in premature termination codons, and an
imbalance of the normal ratio of splicing products seen in
wild-type HNF-1α. This may reduce the total concentration
of HNF-1α mRNA transcripts and has been shown to
decrease the in vitro ability of the HNF-1α protein product
to activate transcription by roughly 50% with no eﬀect on
DNA-binding ability and protein stability [16, 17]. Upon
clinical presentation, children and youth with T2DM and
one or 2 copies of the G319S polymorphism are leaner, have
lower insulin levels, greater insulin sensitivity, less acanthosis
nigricans, and higher mean haemoglobin A1C than their
peers with T2DM but without the G319S polymorphism
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secretion. Among individuals with T2DM in Sandy Lake,
the possession of each additional copy of HNF-1α G319S
accelerated the timing of disease onset by roughly 7 years
[16]. In a 2002 cross-sectional study of all of the children
with T2DM followed at the DER-CA, 41% had at least one
copy of the G319S allele (GS or SS), and 78% of the children
with T2DM from one remote regional Tribal Council (a
collection of Aboriginal communities under a centralized
government) in Northeastern Manitoba had at least one
copy of G319S [2]. The allele frequency was 0.639 in youth
f r o mt h i sT r i b a lC o u n c i l[ 2]. Although this polymorphism
is a signiﬁcant risk factor for T2DM in this population, it
cannot fully explain the high rates of T2DM in the Oji-
Cree population of Manitoba, as 59% of youth with T2DM
at DER-CA and 22% of the children with T2DM from the
highest risk communities had the wild-type GG phenotype.
5.2.Obesity. Obesityisthemostsigniﬁcantriskfactorforthe
developmentofT2DMinchildhood[5,18].Themaincauses
of obesity and T2DM in the developed and the developing
world include a lack of adequate physical activity and
consumptionofenergy-densefoodscontainingsaturatedfats
and sugars. In 2004, 1.1 million Canadian children (18%)
aged 2–17 years were overweight and 500000 (8%) were
obese [19]. The obesogenic environment may act as another
signiﬁcant risk factor for youth-onset T2DM in the Oji-
Cree speaking communities. In 2000, pediatric overweight
and obesity was observed in 27.7% of boys and 33.7% of
girls, aged 2–19 years, in Sandy Lake, Ontario [20]. In one
community from the aforementioned remote regional Tribal
Council, 1998 data demonstrates an obesity rate of 48% in
girls and 51% in boys aged 4–19 years [12].
5.3. Diet. Historically, the Oji-Cree communities resided in
nomadic groups surviving on the land as hunters and gath-
erers. This method of subsistence was physically demanding
and provided food primarily from meat and ﬁsh, comple-
mented with seasonal roots and berries. The diet was high
in protein, moderate in fat, and low in carbohydrates and
ﬁbre. Permanent settlements became more common among
the Oji-Cree people in the 1940s resulting in the decline
of hunting and gathering as a means of survival and a
dependence on prepackaged foods [21]. This new lifestyle
resulted in sedentary behaviour and high-energy intakes, in
particular,intakesofsaturatedfatsandreﬁnedcarbohydrates
[22]. Increased consumption of foods high in simple sugars,
high in saturated fats, and low in ﬁbre has been associated
with increased risk for diabetes [23, 24].
The average diet in Sandy Lake was shown by 24-
hour recall to be high in saturated fats (13% of energy
intake), high in cholesterol (350mg/dL), high in reﬁned
carbohydrates (22% of energy intake), and low in dietary
ﬁbre (11g/d) [23]. In this population, it appears that dietary
behaviours are becoming progressively less healthy with
subsequentgenerations.Adolescentsconsumedmorereﬁned
carbohydrates and less protein, mostly in the form of junk
food (potato chips, fried potatoes, hamburgers, pizza, sugar-
sweetened beverages, etc.), than older generations, with
older generations reporting a greater consumption of more
traditional foods [23]. Finally, the increasing consumption
of sugar-sweetened beverages is particularly concerning the
high added sugar content, low satiety, and incomplete
compensation for total energy, which increases T2DM risk
independent of obesity due to the high levels of rapidly
absorbable carbohydrates [25–27].
5.4. Physical Activity. In part, the high rates of obesity in
children can also be attributed to a decrease in physical
activity and ﬁtness. Obesity and T2DM in the youth of
Sandy Lake, Ontario, were associated with watching greater
than 5 hours of television per day and with lesser levels of
ﬁtness [20]. Moreover, in youth it is known that greater
cardiovascular ﬁtness and lesser physical activity levels are
risk factors for T2DM, independent of adiposity [28].
5.5. Social Determinants of Health. Additional factors inﬂu-
encing these lifestyles and risk of chronic disease include
household factors such as poverty, unemployment, over-
crowding, and low parental education levels; personal factors
such as stress levels, low self-esteem, low resilience, and
mental health disorders; geographic factors such as isolation,
limited access to healthy food, and limited access to formal
physical activity opportunities; cultural factors such as lack
of inspiring community role models to promote healthy
lifestyle choices, language, and traditional beliefs regarding
T2DM. These same risk factors predisposing Aboriginal
youth to poor diet and exercise levels also inhibit them from
adequate self-management.
6. The DiabeticIntrauterineEnvironment
as a New Risk Factor for Early-Onset T2DM
Although it is evident that there are many risk factors pre-
disposing the Aboriginal youth to the development of early-
onset T2DM, the rapid rise in T2DM in children remains
poorly understood. Considering that permanent settlements
onlyoccurredinnorthernpopulationsinCanadainthemid-
twentieth century and the G319S polymorphism has been in
the genome of some families for generations, it is hard to
explain the 20-fold increase in incidence of pediatric T2DM
in Manitoba since 1985. There is evidence to suggest a role
for the intrauterine environment and epigenetic alterations
related to insulin secretion and/or beta-cell mass that may
inﬂuence the development of diabetes in Oji-Cree youth.
Preexisting T2DM in pregnancy has lifetime eﬀects on
the oﬀspring including higher rates of obesity, higher rates
of glucose intolerance, higher rates of T2DM, and earlier
age of T2DM onset [29–32]. It is possible that this recent
increaseinchildhoodT2DMisoccurringbecausewomenare
developing T2DM progressively earlier, resulting in the most
recent generations being the ﬁrst exposed to an intrauterine
environment of hyperglycemia and insulin resistance at the
early stages of pregnancy. Several studies have indicated
disproportionate maternal transmission of T2DM to their
oﬀspring in many diverse populations [33–38]. More specif-
ically, adult oﬀspring of females with T2DM when compared4 J o u r n a lo fN u t r i t i o na n dM e t a b o l i s m
tooﬀspringofmaleswithT2DMpresentedwithgreaterbody
weight, higher insulin levels, greater pancreatic dysfunction,
and more detrimental lipid proﬁles, all classic signs of T2DM
[39]. In the Pima Indian community of Arizona, the youth
have experienced a rapid increase in prevalence of T2DM
overthepast30yearsandthetwomajorfactorsdictatingthis
trend appear to be an increase in weight and an increasing
frequency of exposure to T2DM and gestational diabetes
(GDM) in utero [40]. A landmark study in this population
demonstrated that oﬀspring of mothers with diabetes were
much more likely to develop T2DM (45%) than those born
tonondiabeticmothers(1.4%)andprediabeticmotherswith
GDM (8.6%) [31]. Furthermore, siblings born after the
mothers’ diagnosis of T2DM in this Pima community had
a 3.7-fold higher risk of developing T2DM themselves than
siblings born before the diagnosis of T2DM in this same
mother [41]. This suggests that the causative mechanism for
the increased risk of T2DM in these children is exposure
to the T2DM in utero rather than inheritance of maternally
imprinted genes harbouring a genotype which increases
susceptibility for pediatric T2DM. Even in the absence of
T2DM in the mother, there was a linear relationship between
the weight and glucose intolerance of the oﬀspring and their
mother’s glucose concentration during the third trimester
[42].
In the Manitoba Oji-Cree population, preexisting T2DM
in the mother was the strongest predictor of T2DM in the
child (OR = 14.4), followed by GDM (OR = 4.4) [43]. In
the First Nations people of Saskatchewan, a neighbouring
province to Manitoba, 19% to 30% of cases of T2DM may be
d u et om a t e r n a lG D M[ 44]. In the mothers with preexisting
T2DM in the Manitoba Oji-Cree, 25% of their children
eligibleforbloodglucosescreening(>7yearsold)hadT2DM
and 43% of those >10 years old had T2DM [3]. Every
child with T2DM in this birth cohort had at least 1 copy
of the HNF-1α G319S polymorphism [3]. Interestingly, in
individuals with monogenic diabetes due to known, severe
mutations in the HNF-1α gene, a signiﬁcantly reduced age
at diagnosis is also associated with exposure to diabetes in
utero. This suggests that an HNF-1α polymorphism or
mutation does not fully explain the prevalence of T2DM in
this Oji-Cree cohort implicating that an epigenetic, prenatal
phenomenon causing further insulin deﬁciency may occur
[45].
7. Developmental Originsof T2DM
Many theories for the Developmental Origins of Health and
Disease (DOHaD) have been proposed to explain prenatal
programming of T2DM. In 1962, James Neel proposed the
“thrifty genotype” theory. He suggested that a diabetic gen-
otype provided an evolutionary advantage, suggesting that
people with T2DM are “exceptionally eﬃcient in the intake
and/or utilization of food” and that, with changing dietary,
activity, and reproductive patterns, the beneﬁcial “thrifty”
gene became a disadvantage [46]. This theory was later
replaced by the “thrifty phenotype” theory of the devel-
opment of T2DM. In this theory, Hales and Barker pro-
posed that maternal malnutrition in pregnancy causes fetal
malnutrition which “set in train mechanisms of fetal nutri-
tional thrift” including underdevelopment of pancreatic beta
cells, increased peripheral insulin resistance, and subsequent
hyperglycemia,aswellasincreasedadiposetissuedeposition.
Theoretically, in times of famine, the increased tendency to
free glucose in the blood would protect the infant brain
from glucose deprivation and in times of feast the infant
would be eﬃcient at delivering energy to adipose stores.
Most of the supporting evidence is from studies of maternal
protein malnutrition, but other nutrient deﬁciencies have
also resulted in these same outcomes [47]. This hypothesis
clearly states that the development of pathology following
malnutrition in early life is dependent on the presence of
later risk factors such as overnutrition, physical inactivity,
andageing.Glucoseintolerancewouldbeavoidedinchildren
and adults who continued to be malnourished because
they preprogrammed their metabolism to deal with lifelong
malnutrition. However, those who have a positive caloric
balance would develop obesity and glucose intolerance [47].
The thrifty phenotype theory has evolved into a more
mechanistic theory developed by Gluckman and colleagues
called “developmental plasticity,” the ability of an organism
to develop in multiple ways depending on a particular envi-
ronment [4]. Developmental plasticity requires permanent
changes to expression of the fetal or infant genome in order
to imprint certain characteristics for the remainder of the
lifespan of the organism. Therefore, the long-term risk of
disease is induced due to initial adaptive responses of the
fetus to signals from the mother about her physical state [4].
This theory can be extrapolated to many diseases that show
evidence of origins in early life such as T2DM, hypertension,
osteoporosis, cancer, and thermoregulatory disturbances.
Like the thrifty phenotype theory, development plasticity
also explains the link between increased risk for T2DM and
low birth weight because a poor intrauterine environment
induces reduced development of skeletal muscle, increased
fat deposition and reduced insulin insensitivity as a survival
mechanism in a poor postnatal environment. However, the
thrifty phenotype hypothesis does not attempt to explain
why maternal hyperglycemia and subsequent macrosomia
in the infant are a risk factor for later T2DM in the child,
as excess of energy in utero should not induce a “thrifty”
phenotype. The developmental plasticity theory, however, is
abletoreasonthatthehyperinsulinemiaintheinfantaccom-
panying hyperglycemia in the mother programs the child
to preferentially deposit adipose tissue leading to obesity
and insulin insensitivity in later life. Thus, developmental
plasticity explains why the risk for T2DM related to birth
weightisobservedtobeU-shapedin somepopulations, such
as the Pima Indians, with increased risk of T2DM in infants
with low and high birth weights [4, 48].
8. Mechanismsof Development Programming
DOHaDproposesamolecularmechanismfortheimprinting
and long-term transmission of information. Epigenetics
explains how a stable genome can be inﬂuenced to be ex-
pressed in an inﬁnite number of ways. By DNA methyla-
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modiﬁcation of the genome and proteome, genes can be
upregulatedordownregulatedwithoutchangestothegenetic
sequence but with changes to the resulting phenotype. These
changes can reset the fetal homeostatic set points by man-
ifesting changes in metabolism, hormone production, hor-
mone sensitivity, or organ development. These epigenetic
modiﬁcations remain with the genome through the child’s
life and have been shown to be partially passed on to the
next generation [49]. Whether the fetus experiences nutri-
tional deﬁciency, nutritional excess, or any other stimuli in
utero, the organism can tailor its development and genetic
expressiontobestmeettheexpectedfutureenvironmentand
theseresponsesmaynotbecomeevidentuntillaterinlife[4].
Alteration of B-cell mass through prenatal program-
ming of the fetus, by epigenetic inﬂuences or by other
inﬂuences, has been proposed as a possible mechanism for
the susceptibility of these oﬀspring to T2DM. It has been
observed that poor protein nutrition during pregnancy caus-
es a decrease in beta-cell numbers in the oﬀspring and a
decrease in beta-cell function [50]. In rats, this pathology
occurred due to decreased beta-cell proliferation due to a
prolonged cell cycle and an increased apoptotic rate in the
neonatal period [51–53]. Although research into the epi-
genetic mechanisms behind these beta-cell alterations is
lacking, it has been demonstrated that hypomethylation of
a glucocorticoid receptor gene in rat pups born after low-
protein gestation led to overexpression of this receptor,
increased sensitivity to glucocorticoids, and possible reduc-
tion in beta-cell mass [54]. In pregnancies complicated by
T2DM, pancreas development is profoundly aﬀected [55].
Macrosomic human neonates have highly vascularised
islets of Langerhans and beta-cell hyperplasia, while IUGR
neonateshavereducedbeta-cellmass[56].InIUGRratpups,
thepromoterofPDX-1,agenenecessaryfornormalbeta-cell
development and diﬀerentiation, undergoes deacetylation of
its histone complexes with subsequent lowered expression,
thus demonstrating another possible epigenetic mechanism
foralteredbeta-cellmassfollowinganintrauterinemetabolic
challenge [57]. Lastly, in pregnancies of rats complicated
by T2DM, the total amino acid concentration in the fetal
plasma is low; thus, oﬀspring from pregnancies complicated
by T2DM may also be susceptible to the same pancreatic
alterations seen in LP oﬀspring [58].
9. Conclusion andFutureDirections
It is apparent that the classic risk factors for T2DM, includ-
ing calorie overconsumption, macronutrient malnutrition,
physical inactivity, ageing, stress, and obesity, as well as the
recently discovered HNF-1α G319S polymorphism, coexist
in the Oji-Cree population of Northern Manitoba and
Northwestern Ontario. These factors may, at least partially,
explain the high prevalence of pediatric T2DM in this popu-
lation. However, the remarkably high prevalence of T2DM
in children born to mothers with prepregnancy T2DM
demands new explanations for T2DM in youth. Theories,
such as the developmental plasticity, have come to embrace
the intrauterine environment and early-life experience as
potent inﬂuencers on the lifelong development of humans.
Future research must further investigate the role of the
maternal, prenatal environment on the development of
T2DM in multiple populations. Among the Oji-Cree people,
longitudinal investigation of the diﬀerences in the develop-
ment of T2DM in children, depending on gender of the
aﬄicted parent, may provide clues to this question. Possible
mechanisms for the child’s susceptibility to T2DM are also
necessary, whether it is decreased beta-cell mass, another
insulin secretion deﬁciency, or an insulin-resistant state, just
as it is necessary to identify intrauterine factors responsible
forearlyprogrammingofthissusceptibility,suchasmaternal
hyperglycemia or insulin resistance. Lastly, postnatal events
impacting the development of T2DM in youth must be
identiﬁed, as exposure to cigarette smoking and exposure to
breast feeding have been identiﬁed. It is most crucial that
all these observational studies inform possible interventions
during pregnancy and early life to prevent impact of T2DM
in the lives of Oji-Cree people.
Conﬂict of Interests
The authors declare that there is no conﬂict of interests.
References
[ 1 ]H .J .D e a n ,R .L .M u n d y ,a n dM .M o ﬀatt, “Non-insulin-
dependent diabetes mellitus in Indian children in Manitoba,”
CMAJ, vol. 147, no. 1, pp. 52–57, 1992.
[ 2 ]E .A .C .S e l l e r s ,B .T r i g g s - R a i n e ,C .R o c k m a n - G r e e n b e r g ,a n d
H. J. Dean, “The prevalence of the HNF-1α G319S mutation
in Canadian aboriginal youth with type 2 diabetes,” Diabetes
Care, vol. 25, no. 12, pp. 2202–2206, 2002.
[3] M. Mendelson, J. Cloutier, L. Spence, E. Sellers, S. Taback,
and H. Dean, “Obesity and type 2 diabetes mellitus in a
birth cohort of First Nation children born to mothers with
pediatric-onsettype2diabetes,”PediatricDiabetes,vol.12,no.
3, part 2, pp. 219–228, 2011.
[ 4 ]P .D .G l u c k m a n ,M .A .H a n s o n ,C .C o o p e r ,a n dK .L .
Thornburg, “Eﬀect of in utero and early-life conditions on
adult health and disease,” The New England Journal of Med-
icine, vol. 359, no. 1, pp. 6–73, 2008.
[5] S. Amed, H. J. Dean, C. Panagiotopoulos et al., “Type 2 di-
abetes, medication-induced diabetes, and monogenic diabetes
in Canadian children: a prospective national surveillance
study,” Diabetes Care, vol. 33, no. 4, pp. 786–791, 2010.
[6] S. B. Harris, J. Gittelsohn, A. Hanley et al., “The prevalence
of NIDDM and associated risk factors in native Canadians,”
Diabetes Care, vol. 20, no. 2, pp. 185–187, 1997.
[7] R. A. Hegele, H. Cao, S. B. Harris, A. J. G. Hanley, and B.
Zinman, “The hepatic nuclear factor-1α G319S variant is as-
sociated with early-onset type 2 diabetes in Canadian Oji-
Cree,” Journal of Clinical Endocrinology and Metabolism, vol.
84, no. 3, pp. 1077–1082, 1999.
[8] S. B. Harris, “Canadian Diabetes Association 2008 clinical
practice guidelines for the prevention and management of
diabetes in Canada,” Canadian Journal of Diabetes, vol. 32,
supplement 1, pp. S1–S201, 2008.
[9] Highlights 2006-2007: Inpatient Hospitalizations and Emer-
gency Department Visits, Canadian Institute for Health Infor-
mation, Ottawa, Canada, 2007.6 J o u r n a lo fN u t r i t i o na n dM e t a b o l i s m
[10] E. A. Sellers, K. Moore, and H. J. Dean, “Clinical management
of type 2 diabetes in indigenous youth,” Pediatric Clinics of
North America, vol. 56, no. 6, pp. 1441–1459, 2009.
[11] “Aboriginal peoples in Canada in 2006: inuit, M´ etis and ﬁrst
nations, 2006 Census,” in Statistics Canada, Statistics Canada,
Ottawa, Canada, 2006.
[12] H. J. Dean, T. K. Young, B. Flett, and P. Wood-Steiman,
“Screening for type-2 diabetes in aboriginal children in north-
ern Canada,” The Lancet, vol. 352, no. 9139, pp. 1523–1524,
1998.
[13] DER-CA Annual Report, 2010.
[14] “Population reporting aboriginal identity according to their
percentage of the total population, Canada, provinces and ter-
ritories, 2001 Census,” in Statistics Canada, Statistics Canada,
Ottawa, Canada, 2001.
[15] M. Pontoglio, S. Sreenan, M. Roe et al., “Defective insulin
secretion in hepatocyte nuclear factor 1α-deﬁcient mice,” The
Journal of Clinical Investigation, vol. 101, no. 10, pp. 2215–
2222, 1998.
[16] B.L.T riggs-Raine,R.D .Kirkpatrick,S.L.K ellyetal.,“HNF-1α
G319S, a transactivation-deﬁcient mutant, is associated with
altereddynamicsofdiabetesonsetinanOji-Creecommunity,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 99, no. 7, pp. 4614–4619, 2002.
[17] L. W. Harries, M. J. Sloman, E. A. C. Sellers, A. T. Hattersley,
andS.Ellard,“DiabetessusceptibilityinthecanadianOji-Cree
population is moderated by abnormal mRNA processing of
HNF1A G319S transcripts,” Diabetes, vol. 57, no. 7, pp. 1978–
1982, 2008.
[18] S. Arslanian and C. Suprasongsin, “Insulin sensitivity, lipids,
and body composition in childhood: is “Syndrome X”
present?” Journal of Clinical Endocrinology and Metabolism,
vol. 81, no. 3, pp. 1058–1062, 1996.
[19] M. Shields, “Overweight and obesity among children and
youth,” Health Reports, vol. 17, no. 3, pp. 27–42, 2006.
[20] A. J. G. Hanley, S. B. Harris, J. Gittelsohn, T. M. S. Wolever,
B. Saksvig, and B. Zinman, “Overweight among children and
adolescents in a Native Canadian community: prevalence and
associated factors,” American Journal of Clinical Nutrition, vol.
71, no. 3, pp. 693–700, 2000.
[21] T. Kue Young, “Are subarctic Indians undergoing the epidemi-
ologic transition,” Social Science and Medicine, vol. 26, no. 6,
pp. 659–671, 1988.
[22] J. Gittelsohn, T. M. S. Wolever, S. B. Harris, R. Harris-Giraldo,
A. J. G. Hanley, and B. Zinman, “Speciﬁc patterns of food
consumption and preparation are associated with diabetes
and obesity in a Native Canadian community,” Journal of Nu-
trition, vol. 128, no. 3, pp. 541–547, 1998.
[23] T. M. S. Wolever, S. Hamad, J. Gittelsohn et al., “Low dietary
ﬁberandhighproteinintakesassociatedwithnewlydiagnosed
diabetes in a remote aboriginal community,” American Journal
of Clinical Nutrition, vol. 66, no. 6, pp. 1470–1474, 1997.
[ 2 4 ]L .W a n g ,A .R .F o l s o m ,Z .J .Z h e n g ,J .S .P a n k o w ,a n dJ .H .
Eckfeldt, “Plasma fatty acid composition and incidence of
diabetes in middle-aged adults: the Atherosclerosis Risk in
Communities (ARIC) Study 1-3,” American Journal of Clinical
Nutrition, vol. 78, no. 1, pp. 91–98, 2003.
[25] D. P. DiMeglio and R. D. Mattes, “Liquid versus solid carbo-
hydrate: eﬀects on food intake and body weight,” International
Journal of Obesity, vol. 24, no. 6, pp. 794–800, 2000.
[26] R. D. Mattes, “Dietary compensation by humans for supple-
mental energy provided as ethanol or carbohydrate in ﬂuids,”
Physiology and Behavior, vol. 59, no. 1, pp. 179–187, 1996.
[27] M. B. Schulze, S. Liu, E. B. Rimm, J. E. Manson, W. C. Willett,
andF.B.Hu,“Glycemicindex,glycemicload,anddietaryﬁber
intakeandincidenceoftype2diabetesinyoungerandmiddle-
aged women,” American Journal of Clinical Nutrition, vol. 80,
no. 2, pp. 348–356, 2004.
[28] G. Q. Shaibi, M. S. Faulkner, M. J. Weigensberg, C. Fritschi,
and M. I. Goran, “Cardiorespiratory ﬁtness and physical ac-
tivity in youth with type 2 diabetes,” Pediatric Diabetes, vol. 9,
no. 5, pp. 460–463, 2008.
[29] D. J. Petitt, H. B. Baird, and K. A. Aleck, “Excessive obesity
in oﬀspring of Pima Indian women with diabetes during
pregnancy,”TheNewEnglandJournalofMedicine,vol.308,no.
5, pp. 242–245, 1983.
[30] B. L. Silverman, B. E. Metzger, N. H. Cho, and C. A. Loeb,
“Impairedglucosetoleranceinadolescentoﬀspringofdiabetic
mothers: relationship to fetal hyperinsulinism,” Diabetes Care,
vol. 18, no. 5, pp. 611–617, 1995.
[31] D. J. Pettitt, K. A. Aleck, H. R. Baird, M. J. Carraher, P. H.
Bennett, and W. C. Knowler, “Congenital susceptibility to
NIDDM. Role of intrauterine environment,” Diabetes, vol. 37,
no. 5, pp. 622–628, 1988.
[32] D. J. Pettitt, J. M. Lawrence, J. Beyer et al., “Association
between maternal diabetes in utero and age at oﬀspring’s
diagnosis of type 2 diabetes,” Diabetes Care, vol. 31, no. 11,
pp. 2126–2130, 2008.
[ 3 3 ] R .T .E r a s m u s ,E .B l a n c oB l a n c o ,A .B .O k e s i n a ,J .M e s aA r a n a ,
Z. Gqweta, and T. Matsha, “Importance of family history in
type 2 black South African diabetic patients,” Postgraduate
Medical Journal, vol. 77, no. 907, pp. 323–325, 2001.
[34] C. A. Young, S. Kumar, M. J. Young, and A. J. M. Boul-
ton, “Excess maternal history of diabetes in Caucasian and
Afro-origin non-insulin-dependent diabetic patients suggests
dominant maternal factors in disease transmission,” Diabetes
Research and Clinical Practice, vol. 28, no. 1, pp. 47–49, 1995.
[35] S. N. T. De Silva, N. Weerasuriya, N. M. W. De Alwis, M. W. A.
De Silva, and D. J. S. Fernando, “Excess maternal transmission
and familial aggregation of Type 2 diabetes in Sri Lanka,”
Diabetes Research and Clinical Practice, vol. 58, no. 3, pp. 173–
177, 2002.
[36] A. J. Karter, S. E. Rowell, L. M. Ackerson et al., “Excess ma-
ternaltransmissionoftype2diabetes:theNorthernCalifornia
Kaiser Permanente Diabetes Registry,” Diabetes Care, vol. 22,
no. 6, pp. 938–943, 1999.
[37] I. Arfa, A. Abid, D. Malouche et al., “Familial aggregation and
excess maternal transmission of type 2 diabetes in Tunisia,”
Postgraduate Medical Journal, vol. 83, no. 979, pp. 348–351,
2007.
[38] F. Thomas, B. Balkau, F. Vauzelle-Kervroedan et al., “Maternal
eﬀect and familial aggregation in NIDDM: the CODIAB
study,” Diabetes, vol. 43, no. 1, pp. 63–67, 1994.
[39] T. Kasperska-Czyzyk, K. Jedynasty, R. R. Bowsher et al.,
“Diﬀerence in the inﬂuence of maternal and paternal NIDDM
on pancreatic beta-cell activity and blood lipids in normogly-
caemicnon-diabeticadultoﬀspring,”Diabetologia,vol.39,no.
7, pp. 831–837, 1996.
[40] D. Dabelea, R. L. Hanson, P. H. Bennett, J. Roumain, W. C.
Knowler, and D. J. Pettitt, “Increasing prevalence of type II
diabetes in American Indian children,” Diabetologia, vol. 41,
no. 8, pp. 904–910, 1998.
[41] D. Dabelea, R. L. Hanson, R. S. Lindsay et al., “Intrauterine
exposure to diabetes conveys risks for type 2 diabetes and
obesity: a Study of Discordant Sibships,” Diabetes, vol. 49, no.
12, pp. 2208–2211, 2000.J o u r n a lo fN u t r i t i o na n dM e t a b o l i s m 7
[42] D. J. Pettitt, P. H. Bennett, M. F. Saad, M. A. Charles, R.
G. Nelson, and W. C. Knowler, “Abnormal glucose tolerance
during pregnancy in Pima Indian women: long- term eﬀects
on oﬀspring,” Diabetes, vol. 40, supplement 2, pp. 126–130,
1991.
[43] T.KueYoung,P.J.Martens,S.P.Taback etal.,“Type2diabetes
mellitus in children: prenatal and early infancy risk factors
amongNativeCanadians,”ArchivesofPediatricsandAdolescent
Medicine, vol. 156, no. 7, pp. 651–655, 2002.
[44] N. D. Osgood, R. F. Dyck, and W. K. Grassmann, “The inter-
and intragenerational impact of gestational diabetes on the
epidemic of type 2 diabetes,” American Journal of Public
Health, vol. 101, no. 1, pp. 173–179, 2011.
[45] A.Stride,M.Shepherd,T.M.Frayling,M.P.Bulman,S.Ellard,
and A. T. Hattersley, “Intrauterine hyperglycemia is associated
withanearlierdiagnosisofdiabetesinHNF-1αgenemutation
carriers,” Diabetes Care, vol. 25, no. 12, pp. 2287–2291, 2002.
[46] J. V. NeeL, “Diabetes mellitus: a “thrifty” genotype rendered
detrimental by “progress”?” American Journal of Human Ge-
netics, vol. 14, pp. 353–362, 1962.
[47] C. N. Hales and D. J. P. Barker, “Type 2 (non-insulin-
dependent) diabetes mellitus: the thrifty phenotype hypoth-
esis,” Diabetologia, vol. 35, no. 7, pp. 595–601, 1992.
[48] D. R. McCance, D. J. Pettitt, R. L. Hanson, L. T. H. Jac-
o b s s o n ,W .C .K n o w l e r ,a n dP .H .B e n n e t t ,“ B i r t hw e i g h t
and non-insulin dependent diabetes: thrifty genotype, thrifty
phenotype,orsurvivingsmallbabygenotype?”BritishMedical
Journal, vol. 308, no. 6934, pp. 942–945, 1994.
[49] P. D. Gluckman, M. A. Hanson, and A. S. Beedle, “Non-
genomic transgenerational inheritance of disease risk,” BioEs-
says, vol. 29, no. 2, pp. 145–154, 2007.
[50] M. Winick, “Cellular growth in intrauterine malnutrition,”
Pediatric Clinics of North America, vol. 17, no. 1, pp. 69–78,
1970.
[ 5 1 ]A .S n o e c k ,C .R e m a c l e ,B .R e u s e n s ,a n dJ .J .H o e t ,“ E ﬀect of a
low protein diet during pregnancy on the fetal rat endocrine
pancreas,” Biology of the Neonate, vol. 57, no. 2, pp. 107–118,
1990.
[52] J. Petrik, B. Reusens, E. Arany et al., “A low protein diet alters
the balance of islet cell replication and apoptosis in the fetal
and neonatal rat and is associated with a reduced pancreatic
expressionofinsulin-likegrowthfactor-II,”Endocrinology,vol.
140, no. 10, pp. 4861–4873, 1999.
[53] S. Boujendar, B. Reusens, S. Merezak et al., “Taurine sup-
plementation to a low protein diet during foetal and early
postnatal life restores a normal proliferation and apoptosis of
rat pancreatic islets,” Diabetologia, vol. 45, no. 6, pp. 856–866,
2002.
[ 5 4 ]K .A .L i l l y c r o p ,E .S .P h i l l i p s ,A .A .J a c k s o n ,M .A .H a n s o n ,
andG.C.Burdge,“Dietaryproteinrestrictionofpregnantrats
induces and folic acid supplementation prevents epigenetic
modiﬁcation of hepatic gene expression in the oﬀspring,”
Journal of Nutrition, vol. 135, no. 6, pp. 1382–1386, 2005.
[55] K. Holemans, L. Aerts, and F. A. Van Assche, “Lifetime con-
sequences of abnormal fetal pancreatic development,” Journal
of Physiology, vol. 547, no. 1, pp. 11–20, 2003.
[56] F. A. Van Assche, W. Gepts, and L. Aerts, “The fetal endocrine
pancreas in diabetes (human),” Diabetologia,v o l .1 2 ,n o .4 ,p p .
423–424, 1976.
[57] R. A. Simmons, “Developmental origins of diabetes: the role
of epigenetic mechanisms,” Current Opinion in Endocrinology,
Diabetes and Obesity, vol. 14, no. 1, pp. 13–16, 2007.
[58] L. Aerts, R. Van Bree, V. Feytons, W. Rombauts, and F. A. Van
Assche, “Plasma amino acids in diabetic pregnant rats and in
their fetal and adult oﬀspring,” Biology of the Neonate, vol. 56,
no. 1, pp. 31–39, 1989.